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Several carbohydrases found in culture filirates of various fungi show multiple com-
potents when resolved by starch block zone electrophoresis. Patierns obtained from
carbohydrases from different fungi vary considerzbly.

Difierent earbohydrases from a single fungus usually migrate at different rates so
that the activities ean be separated from each other by electrophoresis. However,
individual electrophoretic components may reveal enzymic activities fo varying de-

grees on more than one substrate,

Possible explanations for the multiple nature of carbobydrases are discussed.

INTRODUCTION

The use of starch block zone electropho-
resis in studies on cellulase (I, 2) suggested
its use for other carbohydrases. It was of
interest to determine whether other carbo-
hiydrases would, like cellulase, show multi-
ple components, and whether individual
carbohydrases might act on more than one
type of earbohydrate. Filtrates of fungus
cultures were particularly suitable for such
studies” since they may contain variable
quantities and numbers of carbohydrases,
depending upon the nature of the fungus
and the cultural conditions (3).

METHODS

Enzymes

The enzyme preparztions used (Table I) were
cell-free filtrates of fungus culiures, used either di-
rectly or after precipitation with acetone, drying,
and redissolving in water. Before being placed on
the starch block, the enzyme solutions were dia-
Ivzed in animal membranes (Aronab Products Co.,
San Francisco, Calif.) against distilled water, con-
centrated several fold by means of a rotating vac-
uum evaporaztor, and buffered with phosphate to
give a final pH of 7 and ionic strength 0.1.

E1LECTROPHORESIS

The starch block zone electrophoresis was car-
ried out in the apparatus described by Miller {4),
using a trough of dimensions 100 X 33 X 03
em. One-tenth-millititer samples of enzyme solu-
tions, to which 5-mg. guantities of dextran were
added as indexes of the starting positions, were
introduced into transverse slits in the centers of
the blocks. The quantities of enzyme present in
the samples varied considerably, as indieated in
Table I. However, it was found in separate studies,
not shown, that sizes of samples affected electro-
phoretic separations to a relatively minor degree.
To minimize the possibility that rapidly migrating
enzyvme components might migrate off the ends of
the blocks, the runs were carried out at 4° and 8
v./em. for only 20 br. instead of for the 40-hr. period
previously used (4). Also, it was not considered nec-
essary for purposes of the present study $o cut the
blocks into pieces smaller than T em. at the ends of
the runs.

ENzyME ACTIVITY

Determinations of distributions of enzyme ac-
tivities in the starch blocks were based on the pro-
duction of reducing groups by the hydrolysis of
glycosidie bonds and were earried out using modi-
fications of previously published methods (5-7).
After the electrophoresis, the blocks were cut into
l-em. pieces and each plece was placed in a2 test
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Exzyme PreparaTioNs USED IN THIS STUDY

TABLE 1

Eanzymes (units on starch block}

Glucanases

Organism QM No, Cultizral conditions

gl — ) B(1 1
Penteillium pusillum 137g  Unshaken, duck strip 160 20
Trichoderma viride 6a  Shake culture, Solka floce 33 17
Pestaloliopsis weslerdijkil 381 Shake culture, Solka floe 28 4.4
Basidiomyecete 806 Shake culture, Solka floc 70 33
Sporotrichum pruinosum 826 Shale culture, Solka floc 27 13
Streplomyees sp. B&14 Shake eulture, Solka floe 8.2 0.5
Myrothecium verrucaria® 460 Shake, grourd filter paper 100 11

Fructanases

Sucrase B-(2—1} B-(2—6)
Penteillium funiculosum 474 Unshaken, inulin 114 11
Fusarium moniliforme 527 Unshaken, inulin 1.5 — 1

¢ Purified wood ceilulose, Brown Co., Berlin, N, H.
b Enzyme preparation used by Miller ef al. (1, 2},

tube containing 8 ml. water. The contents of the
tubes were mixed well, and the starch was allowed
to settle out overnight. Enzyme determinations
were then made by adding 0.5-10 ml. of a suitable
dilution of the supernatant to an equal volume of
the appropriate substrate made up in 0.1 M ecitrate
buffer, generally at pH 53, Glucose was usually
added to the substrate to give 0.1 mg. per sample
to compensaie for the glucose destroyed by the
color reagent used (8). The mixtures of enzyme
and substrate were incubated a$ 50°, 3 ml. dinitro-
salicylic acid reagent (8) was added to each, and
the tubes were heafed for 15 min, at 100°. The
.color preduced was measured in an automatic re-
cording colorimeter which plotted the values di-
rectly as absorbance {9). Wide ranges in enzyme
activity were handled by variation in quantity of
enzyme, time of incubation, and wavelength of
absorbance.

Cx (eellulase) activity was measured against
05% final concentration of carboxymethyleellulose
(Hercules CMC-50-T). Activity on solid cellulose
was measured against a 0.5% suspension of ground
cotton linters swollen with phosphorie acid after
the procedure of Walseth (10); undigested cellu-
lose was removed before determination of the
sugar produced. The substrate used for g-{1 - 3)
glucanase was 0.3% laminarin (Institute of Sea-
weed Research, Inveresk, Secotland); the pH, 48.
Sucrase was measured against 025% sucrose
(Merck). The substrate for p-(2 = 1) fructanase
was 0.15% inulin (Difeo). The substrate for g-
(2 - 6) fructanase was a 0.156% solution of the

levan produced by Acetobacter acetigenum (7).
The unit of activity for cellulase has been de-
seribed previously (5). For the other enzymes, the
unit of activity was that amount of enzyme pro-
ducing 1.0 mg. sugar as glucose per 2 ml. per hour
in the tests.

By reference to a set of standards, composed of
appropriate dilutions of the original enzyme con-
centrates, recoveries of enzyme activities for each
set of unknown electrophoretic fractions ecould be
calculated. For presentation of data showing dis-
tributions of enzyme components, however, en-
syme activities are given simply in terms of ab-
sorbance of the colored solutions obtained in the
determinations of reducing sugar produced since
the relationships between amounts of enzyme
and absorbance were fairly linear over the ranges
used. Further, because of the variations in the ini-
tial quantities of enzyme in the different tests and
in the wavelengths at which absorbances were
measured, absorbances are expressed in arbitrary
units which are not given numerical values. For
any given enzyme the relative quantities of differ-
ent components are indicated to a first approxima-
tion by the sizes of the peaks. However, exact
quantitative significance cannot generally be at-
tached to sizes of peaks when comparisons are
made between results obtained in different ex-
periments or with different enzymes.

The position of the starting zone on the starch
blocks, which moved slightly because of electro-
endosmosis, was found by locating the dextran
with the orcinol reagent of Rimington (11},
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ParEr CHROMATOGRAPHY

Electrophoretic fractions forming a single peak
of activity were combined and econcentrated in =
rotating vacuum evaporator. Five-tenths milii-
liter of concentrate was added to 0.3 ml of 2%
substrate in 005 3 citrate buffer at pH 5.0 and in-
cubated for 4 hr. at 50°. A comparable dilution of
the original unfractionated enzyme was included
n the test. Digests and known sugars were spotted
on sheets of Whatman No, 1 filter paper and were
developed for 16 hr. with izopropyl alcohol-glacial
acetic acid-water 54:8:18. Reducing sugars were
located by spraying the sheets with a selution
romposed of 05 g. benzidine, 10 ml. of glacial
acetic acid, 10 ml. of 40% trichloroacetic acid, and
80 ml. ethanol.

RESULTS

ZoNE ELECTROPHORETIC STUDIES

Zone electrophoretic patterns for filtrates
from six different fungi, each containing
mixtures of 8- (1 — 4) glucanase (cellulase}
and g-(1 — 3) gluecanase (laminarinase),
are shown in Fig. 1. The portions of the
blocks for which data are shown include all
of the active eomponents which were ¢b-
served. In each case the enzymes were re-
solved into several zones, or at least showed
a spread of zone, which signified the occur-
rence of multiple electrophoretic compo-
nents. This finding was substantiated by the
results of additional runs, not shown, in
which the duration of eleetrophoresis was
inereased and the sizes of pieces into which
the stareh blocks were cut were decreased.
Turthermore, enzymes having the same
specificity but produced by different fungi
can have different rates of migration. Of
greater interest, perhaps, is the observation
that in most cases components within an in-
dividual filtrate which have different speci-
ficities also have distinetly different rates
of migration. This offers a means of prepar-
ing a single enzyme free of other activities.

In relatively fewer instances components
having different specificities have the same
rates of migration. This may, or may not,
be coincidental. Further information on this
question is provided by the results of elec-
trophoretic studies on filtrates containing
various mixtures of g#-(2 — 6} fruetanase,
B3-(2 — 1) fructanase, and sucrase, shown
in Fig. 2. In these systems it appears that
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individual electrophoretic components may
act upon more than one substrate. For ex-
ample, in the filtrate from Fusarium mo-
niliforme, an eleetrophoretic component
acting on #-(2 — 6) fructan also acts on
suerose, although other eomponents which
act on sucrose cannot act on f-(2 — 6)
fructan. In the filtrate from Penicillium
funiculosum, components acting on 8-(2 —
6) and those acting on 8-{2 — 1} fructan
all act on sucrose, Further inspection of the
patterns reveals also that electrophoretic
components showing strong activity on j-
{2 — 1) fructan show slight activity on
B-{2— 6} fructan,

Recaveries of enzyme sctivities usually
approached 100% but occasionally fell as
low as 50% (Trichoderma virde on solid
cellulose) or went as high as 1409 (Myro-
thectum verrucaria on laminarin). The rea-
sons for low or high recoveries were not in-
vestipated. The low recovery for T. wviride
on solid eellulose may be a reflection of the
synergistic action found by Gilligan and
Reese (5).

CHROMATOGRAPHIC STUDIES

Paper chromatographic patterns for en-
zymie digests resulting from the action on
B-(1 — 3) glucan (laminarin) of two elec-
trophoretically distinet g-(1 — 3) glu-
canase fractions and one g-( 1 — 4} glu-
canase fraction from Penicillium pusillum
{Fig. 1} are presented in Fig. 3. The re-
sults show that the slowly migrating g-
{1 — 3) glucanase produced predominantly
glucose while the rapidly migrating g-
(1 —> 3) glucanase produced predominantly
laminariblose and laminaritriose. Thus the
jormer is an exo- or endwise splitting en-
zyme, while the latter is an endo- or ran-
dom splitting enzyme (12). When the origi-
nal enzyme was used, glueose was the only
product found and the presence of the
random splitting component was not ap-
parent. The occurrence of these two types
of 8-(1 — 3) glucanases has been demon-
strated previously but in filtrates of dif-
ferent organisms (6}. It can be seen also in
Fig. 3 that the 8-(1 — 4) glucanase had
essentially no action on the 8-(1 — 3)
glucan.
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A similar analysis of products of selected
electrophoretic fractions of g-(1 — 3) glu-
canases of T. viride, Pestalotiopsis wester-
dijki, Streptomyces sp., Aspergillus luchu-
ensis QM 473, P. fumiculosum QM 474, and
Rhizopus arrhizus QM 1032 acting on Jami-
narin and the g-(1 — 4) glucanases of 7.
viride, P. westerdijkii, and Streptomyces sp.
acting on solid cellulose was made. In these
instances no clear-cut differences in mode
of action by different components of a sin-
ghe enzyme were found.

Comparison of Solid Cellulose with Car-
boxymethyleellulose as Substrate for
B-{1 = 4) Glucanase

Distribution patterns for g-(1 — 4) glu-
canase where solid cellulose was used as
substrate were generally very similar to
those obtained with carboxymethyleellulose,
as shown by examples presented in Fig. 4.
Tt ean be eoncluded, therefore, that “cellu-
lase’ is being measured in either ease. In
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certain tests, however, 14 will be noted that
minoer electrophoretic components occurred
whieh were active only on solid cellulose or
on carboxymethyicellulose.

DISCUSSION

The multiple nature already demon-
strated for a number of carbohydrases (2)
recetves further support from the present
study, and indeed it begins to appear that
all carbohydrases may be multiple. The
members of such multiple systems may be
referred to as isozymes, a term suggested
by Markert and Mgller {13).

The problem now is to find explanations
for the oceurrence of isozymes in carbo-
hydrases. One explanation is provided, at
least partially, by the demonstration in
thizs work that different isozymes may fune-
tion enzynically by different mechanisms.
This is not likely to be the sole explanation,
however, since we have found it to apply to
only one of several preparations examined
and Storvick and King (14} have reported
that four cellulolytic components from
Cellvibrto gilvus all function by the same
mechanism. Another possible explanation
in the case of polysaccharases may be that
different, isozymes are specific for different
chain lengths of substrate, some evidence
for which has been presented by Reese and
co-workers (5, 15) and by Hash and King
(16).

Still another explanation might be the
existence of a number of basie protein
skeletons, any of which may aequire en-
zyme specificity by the presence of par-
tleular amino acid sequences within lmited
portions of the molecule. The existence of a
large number of protein “earriers” in a
single fungus culture may reflect the ex-
istence of a number of synthetiec pathways,
genetic inhomogeneity, variations in age
and nutrition of the cells producing the pro-
teins, or proteolytic or denaturing influ-
ences which affect protein structure, after
secretion, without affecting enzyme activ-
ity. Thomas and Whitaker {17), adhering
to a uni-enzymic theory of cellulase ae-
tivity, suggest that a single enzyme com-
ponent may achieve multiplicity by com-
plexing with polysaecharides or other
products oecurring in the environment.

MANDELS, MILLER AND SLATER, JR.

In mosts cases 8- (1 — 3) and B-(1 — 4}
glucanase components from a single prepa-
ration showed different rates of migration
indicating that these activities are proper-
ties of separate and distinet enzymes. The
existence of overlapping components and
of peaks showing a major activity on one
substrate and a minor activity on a second
substrate may indicate that we have not
vet succeeded in completely separating dif-
ferent activities. On the other hand, Pazur
and,Ando (18) report the purification of a
single enzyme hydrolyzing «-(1 — 4) and
a-(1 — B) glucosidie linkages. If, indeed,
a single protein may show activity on dif-
ferent substrates, then the assumption of a
graded series of enzymes showing different
ratios of activities on different substrates
would allow the existence of a hmitless
number of components.

Zone electrophoresis appears to be a prac-
tical means for separating carbohydrase
components of different specificities from
one another. The different highly purified
fractions which are obtained may be of
value in establishing proof of structure of
unknown ecarbohydrates or in specifically
removing components from mixtures of car-
bohydrases.

ACENOWLEDGMENT

We are grateful to E. T. Reese {for his interest
and suggestions and {or supplying a number of the
enzyme preparations used.

REFERENCES

1. Mier, G. L., axo Buum, R, J. Biol. Chem.
218, 131 (1956).

2. Miueer, G. L., Buum, R, axp Hasroron, N, J,
Chromatog. 3, 576 (1960).

3. Reese, E. T, axo Maxoeus, M., Appl. Micro-
bicl. 7, 378 (1959).

4, Muer, G. L, J. Chromatog. 3, 570 {1960).

5. Gruuicax, W, axp Reesg, E. T, Can. J. Micro-
biol. 1, 90 (1954}.

6. Reesg, E. T, anp Maxpers, M., Can. J. Micro-
biol 5, 173 (1959).

7. LoeweNgereg, J., axp Reesg, E, T, Can. J. Mi-
erobiol. 3, 643 (1957).

8. Miier, G. L., Anal. Chem. 31, 426 (1959).

9, Mueer, G, L., axp Couvixgs, C., Anal. Chem.
31, 481 (1959).




ELECTROPHORESIS OF CARBOHYDRASES 121

10, Wacsersy, C. 8, Tappi 228 (1952).

11. Rimixgrow, C., Biochem. J. 34, 931 (1940},

12. Duncan, W. A. M, Manxers, D. J,, anp Ross,
A. G, Biochem. J. 63, 44 {1956).

13, Marxery, C. L., anxp Mgirer, I, Proc. Natl
Acad. Sci. U. 8. 45, 753 {1959).

14. Stervicr, W. O, avp King, K, J. Biol. Chem.

235, 303 (1959).

15. Reesk, B. T, Smaxurs, E, avp Peruin, A S,
Arch. Biochem. Biophys. 85, 171 (1959},

16. Hasm, J. H,, anp King, K, J. Biol. Chem. 232,
381 (1958).

17. Taouas, R, anp Warraker, D. R, Nature
181, 715 (1958).

18. Pazun, J., anp Anoo, T., J. Biol. Chem. 235,
297 {1960).




